We present a facility for direct measurements at low and very low energies typical for nuclear astrophysics (NA). The facility consists of a small and robust tandem accelerator where irradiations are made and an ultra-low background laboratory located in a salt mine where very low radio-activities can be measured. Both belong to "Horia Hulubei" National Institute for Physics and Nuclear Engineering (IFIN-HH), but are situated 120 km apart. Their performances are shown using a few cases where they were used. We argue that this facility is competitive for the study of nuclear reactions induced by alpha particles and by light ions at energies close to or down into the Gamow windows. A good case study was the 13 C+ 12 C fusion reaction, where the proton evaporation channel leads to an activity with T 1/2 =15 h, appropriate for samples transfer to the salt mine. Measurements were done using the thick target method down into the Gamow window for energies from E c.m. = 2.2 MeV, which is the lowest energy ever reached for this reaction, up to 5.3 MeV, using 13 C beams from the 3 MV Tandetron. The activation method allowed us to determine a cross section of the order of 100 pb. Reactions induced by alphas were also measured. Proton induced resonant reactions were used to calibrate the accelerator terminal voltage. Some results of the experiments characterizing the assembly are shown and discussed.
Introduction
Nuclear astrophysics is for some time already an important part of the science program of most nuclear physics laboratories. The experimental studies can be divided as direct measurements -reactions studied at the low energies as they happen in stars, or as close to that as possible, followed by extrapolations into the so called Gamow window -and indirect methods, where information (nuclear data) is extracted from reactions at much larger energies, information that is then used to evaluate the reaction cross sections or the reaction rates in the region of nuclear astrophysics could so far be planned around existing or planned larger underground physics laboratories. We present here the case where we combine the use of a new small accelerator situated at the surface on the premises of the IFIN-HH institute with an ultra-low background laboratory the institute has in a salt mine in Slanic-Prahova, about 120 km North of Bucharest. The 3 MV tandem accelerator [3] can deliver low energies and relatively large beam current (tens of µA) of most stable elements from protons up. In the microBequerel ultralow background [4] laboratory we can measure then samples with activities down to mBq. That is due to its special natural conditions that lead to very low gamma-ray background from natural radioactivity. If the reactions under study produce activations with life times that allow the transfer to Slanic, we can gain significantly in detection sensitivity.
The paper is divided as follows: Sect. 2 describes summarily the accelerator, its beam currents, stability and energy calibration. Section 3 describes the characteristics of the microBequerel laboratory that are important in these particular nuclear astrophysics experiments. The ultra-low gamma-ray background is demonstrated and the HPGe detector efficiency calibration is emphasized. In Sect. 4 we present the main features of the combination accelerator -salt mine laboratory using the 13 C+ 12 C reaction at low energies, down into the the equivalent of the Gamow window of the 12 C+ 12 C reaction of crucial importance for nuclear astrophysics. Results of two other reactions induced by alpha particles are mentioned. Sect. 5 presents the conclusions of the study. Short descriptions of the facilities were included before in preliminary reports of the reactions studied [5, 6, 7] and the results of the 13 C+ 12 C fusion reaction studies are submitted for publication elsewhere [8] . and its beam lines are shown in Fig. 1 . Fig. 2 is a picture of the overall arrangement in the accelerator hall. We noticed that while there are many small proton accelerators used specifically for NA, some underground, not many accelerators for alpha and light ions are dedicated to nuclear astrophysics direct measurements. This could be a niche. Early on we realized that the accelerator has potential for use in nuclear astrophysics and tested its characteristics. We tested that it:
The 3 MV TANDETRON
-can reliably and stably perform for terminal voltages of 0.2 -3.3 MV;
-provides stable currents for long periods of time, typically needed for measurements that need to last days or weeks;
-provides relatively high currents for a variety of beams.
The beam currents obtained for a few ion species are shown in for alphas and at least ten times more for 12 C gave us the idea that one can use the accelerator to study light ion-ion reactions of relevance for nuclear astrophysics. driver. GVM requires periodic calibration and for this work the resonant reaction 27 Al(p,γ) 28 Si was used [9, 10] . The wellknown narrow resonance at E p =992 keV was scanned in 0.1 bottom. We estimate the uncertainty on E to be less than 0.1%. with salt exploitation performed until 1970 [12] . After the latter, sections of the mine were opened for visitors. In 2006 the microBequerel (µBq) laboratory of IFIN-HH has been constructed and fully commissioned. The depth of the mine is around 210 m (∼600 meter water equivalent) [13] . The consideration for which this location has been chosen is the very low natural radioactivity, due to the fact that walls do not present cracks and due to the high purity of the salt [14] . ii) neutrons from (α, n) reactions and fission;
iii) cosmic rays (µ, 1 H, 3 H; 7 Be, 14 C ...).
The first two sources are particularly low in this mine due to its thick and compact salt walls. Figure 6 compares γ-ray spectra measured above ground and underground. The top spectrum shows that the strongest components of the γ rays spectrum at E γ <2.6 MeV is associated with the natural environmental radioactivity and exhibits intense characteristic lines. At higher energies, the background originates mostly from cosmic rays (iii). The natural radioactivity is significantly reduced for measurements in the underground laboratory (bottom spectrum).
From Fig. 6 it can be seen that the measured background radiation (using a protection shield, produced by Canberra Ind., consisting of 15 cm Pb and 5 cm Cu) is about 4000 times smaller compared to the background spectrum measured at the surface.
This is the major advantage we wanted to test and use in the current measurements. The targets used were made of natural graphite with a thickness of 1 mm. For the energies where the irradiation time was longer it was necessary to cool-down the targets using a dielectric coolant system. After a number of tests, we found a situation where the current was reliably measured with the target that was also a Faraday cup (see Figure 7) . A total of 71 targets were irradiated and measured. For prompt gamma-ray measurements, a HPGe detector of 100% relative efficiency was placed at 55 0 with respect to the beam axis in forward direction.
We succeeded to determine the contributions from p, n and α evaporation channels for the energies where reaction cross sections were high enough to be measured in the accelerator hall (above 6.4 MeV). This is not a point important here, it is detailed further in Ref. [16] . The final irradiation setup is shown in Figure 8 .
The induced activities have been measured by detecting the γ rays following the β decay of 24 Na reaction product with well
shielded HPGe detectors at GammaSpec [17] , NAG (Nuclear Astrophysics Group -our group's laboratory) and µBq laboratories. Because of its sufficiently long half time, 24 Na was excellent for the procedure we used: up to one day of irradiation (depending on the incident energy), transfer to Slanic in 2.5 hours and about one day of de-activation measurements, during the ir- Targets irradiated at the same energy and in similar conditions were measured at GammaSpec and in the salt mine. The differences between the results were within the estimated errors.
As such we could verify the efficiency calibration of the 120% relative efficiency HpGe detector used in the underground laboratory in Slȃnic. Figure 9 shows 3 spectra collected in the salt mine: (a) the gamma ray spectrum of a target that was irradiated at the energy of 8. To determine the thick target yield we used only the 1369 keV peak which has a branching ratio of I γ =99.9935% [18] .
Firstly the activity of the targets at the end of irradiation procedure and the beam current integrated in time (corrected stepwise for decay during irradiation) was determined:
where, C are the net counts of full energy peak of a gamma transition, ε γ is the efficiency, I γ the absolute branching ratio for 1369 keV γ-ray, t c is the counting time and ∆t is the time between the end of irradiation and the start of counting. Sec- ondly the thick target yield was determined as the ratio between the activity and beam current integrated in time. The final step was to determine the proton cross section using the thick target method. This method is schematically represented in Fig. 11 . Projectiles with different energies, in our case E and E-∆E, where ∆E=0.2 MeV will penetrate two different depths, x E and x E−∆E , determined using LISE ++ [19] . Therefore, as a thick target method, the difference of two consecutive yields, Y(E)-
Y(E-∆E), is due to the interactions with the target nuclei found between two depths ∆x=x E -x E−∆E . Thus, the cross section can be determined as:
where n t is the surface density of nuclei in ∆x [nuclei/cm 2 ].
In this case the cross section corresponds to an effective energy, E e f f , which is a point between E and E-∆E and where the area under the cross section curve is divided equally between E-∆E to E e f f and E e f f to E. The effective energy was determined as follows [20] :
The activities of irradiated targets measured both in the underground and surface laboratories allowed to determine the limit of detection for cross sections to be of the order of ∼100
pb. Essentially, we achieved an increased sensitivity of these measurements by about a factor 100 over the best experiments performed so far [21] .
µBq laboratory was also used for the study of two more reactions induced by α particles. The first one was α+ 64 Zn.
During the experiment we irradiated natural thick zinc targets µA. For this energy range we measured the proton evaporation channel, 64 Zn(α,p) 67 Ga with a T 1/2 =78.28 h, which is one of the three channels that lead to activation [22] . In the underground laboratory gamma rays of E γ =184.6, 209.0, 300.2 and 393.5 keV were detected [18] . In this case the sensitivity is increased again by a factor of around 100 compared with previous results [23] . For the second reaction, α beams impinged on natural Ni targets. In this case the reaction cross section for the (α,γ) channel was determined with a similar sensitivity. The details of these experiments and the results will be the subject of other publications.
Conclusions
We present a new facility for nuclear astrophysics. We show that direct measurements can be successfully and reliably made using a small tandem accelerator for irradiations and an ultralow background laboratory located underground in the Slȃnic-Prahova salt mine for de-activation measurements. Both facilities belong and are operated by IFIN-HH. We conclude and
show that the accelerator is competitive to study reactions induced by alpha particles and light ions. After irradiation, the samples are transferred to the salt mine, about 120 km away from IFIN-HH Mȃgurele-Bucharest. The activity of the resulting samples is measured by high resolution, high efficiency HPGe detector(s) in an ultra-low gamma-ray background environment. This reduced natural radioactivity background is due to the natural conditions in the salt mine: the salt is pure with no radioactive contaminants, rocks are far away, and the salt walls are compact, with no cracks for radon gas to migrate. The salt mine is only about 210 m under surface (∼600 mwe), therefore cosmic radiation is not much inhibited, but its produced background is not important in our type of measurements. This procedure is limited for cases were the resulting activity has lifetimes larger than 1-2 hours, that is comparable to the transfer time of the samples. For the 13 C+ 12 C case that was the most appropriate test of the procedure, activities as low as 3 mBq could be measured. Two α induced cases were also studied, using the salt mine laboratory, with satisfying results. For example for the 64 Zn(α,p) 67 Ga case we were able to determine a cross section of the order of 30 nb.
